Progress toward a fundamental understanding of magnetism continues to be of great scientific interest and high technological relevance. To control magnetization on the nanoscale, external magnetic fields and spin polarized currents are commonly used. In addition, novel concepts based on spin manipulation by electric fields or photons are emerging which benefit from advances in tailoring complex magnetic materials. Although the nanoscale is at the very origin of magnetic behavior, there is a new trend toward investigating mesoscale magnetic phenomena, thus adding complexity and functionality, both of which will become crucial for future magnetic devices.
Introduction
Magnetic materials are the backbone of many key technologies, ranging from information and sensor technologies to transportation, power generation and conversion. A fundamental understanding of magnetic properties on the nanoscale is not only scientifically challenging, since it addresses the spins of correlated electrons, but is also of paramount importance for novel concepts and advanced technological applications [1] and [2] . A prototypic example for the intimate connection between scientific achievements and technological applications is the discovery of Giant Magnetoresistance (GMR), which not only contributed strongly to a profound understanding of the spin-dependent scattering of electrons in thin magnetic films, but had also a tremendous impact on the achievements in magnetic storage technologies immediately after its first discovery [3] , [4] and [5] .
One of the primary goals in nanomagnetism research is to control spins on the nanoscale and there are several ways to do this. The field of spintronics exploits those mechanisms to develop new technological concepts based on the spin of the electron. Whereas the application of external magnetic fields (Oersted fields), which forces the magnetic moments to align parallel to the field direction, is still the basic concept to write information in a magnetic storage element, novel effects, using the local torque which is exerted by the electron spins in a spin-polarized current are intensely being studied, and have in fact recently been utilized in a commercial device [6] and [7] . Alternatively, in multiferroic materials, where multiple degrees of freedom, such as ferroelectricity and ferromagnetism, coexist, it has been shown that spins can be controlled by electric fields [8] and [9] . Unfortunately, there are not too many naturally occurring multiferroic systems, and therefore multiferroic materials are an intense topic in materials sciences, where advanced synthesis techniques are utilized and developed to artificially fabricate such materials. Since multiferroic behavior is often induced by strain, "straintronics" has recently become a very active research area [10] .
To understand magnetic properties on the nanoscale, advanced characterization tools are mandatory, and these should meet the following requirements:
-spatial resolution below 10 nm, -temporal resolution down to the fsec regime, -chemical and magnetic sensitivity with elemental specificity.
The first two requirements reflect the fundamental length and time scales of magnetism, while the last is a consequence of the fact that multicomponent materials can offer properties which differ from those of single-phase materials, thus motivating a "materials-by-design" approach. The first two requirements are related to the exchange interaction of individual spins, which is the strongest interaction in magnetic materials. Magnetic exchange lengths, which are largely determined by characteristic, i.e. material-specific, constants for exchange and anisotropy energies, are typically in the sub-10 nm range. The corresponding fundamental time scale for the exchange interaction, the exchange time, which can be derived from the Heisenberg uncertainty principle between time and energy, yields several tens of fsec. For comparison, typical time scales for the spin-orbit interaction have values in the psec regime, which are relevant for understanding, e.g. the dynamics of anisotropies. The time scales which govern, e.g. dipolar interactions or precessional motion of spins are in the nsec regime.
A multitude of magnetic characterization techniques has been developed in the past; however the utilization of soft X-ray spectromicroscopies offers a unique combination of relevant features and those are therefore among the most promising probes for nanoscale magnetic studies.
The uniqueness of soft X-rays for magnetism studies is intimately connected to their wavelength, photon energy and time structure, as well as their intensity and polarization characteristics [11] . With a wavelength spanning from about 5 nm to 0.5 nm, the diffraction limit, which corresponds to an inherent limit in spatial resolution or correlation length scales, is in the few nanometer regime. The corresponding photon energy between about 200 eV and 2 keV matches the inner core electron binding energies, which in turn give raise to an element-specific increase in X-ray absorption for those specific X-ray absorption edges. In particular, the L edges of 3d transition metals such as Fe, Co and Ni, as well as the M edges of rare earth elements happen to be in that regime. At current soft X-ray sources, such as synchrotron storage rings, the polarization of soft X-rays can be tuned from circular to elliptical and linear by dedicated sources, which allows using magnetic X-ray dichroism effects. They can be seen as the X-ray counterparts of well-known magneto-optical effects, such as the Kerr [12] and Faraday [13] effects, with the former referring to reflection, and the latter to absorption geometries). However, the soft X-ray analogs provide inherent elemental specificity and much larger magnetic cross-sections due to the strong spin-orbit coupling at the L 2 and L 3 (or M 4 and M 5 ) spin-orbit coupled X-ray absorption edges [14] . The application of magneto-optical sum rules to the X-ray magnetic circular dichroism (XMCD) effect further permits quantitatively extracting from XMCD spectroscopic data both the spin and orbital magnetic moments [15] and [16] . Lastly, synchrotron storage rings deliver burst of X-ray pulses, which provide an inherent time structure to those X-ray sources. Typically, at third generation sources, such as the Advanced Light Source (ALS) in Berkeley, these X-ray pulse lengths are in the <100 ps regime, but the next generation of X-ray sources, such as X-ray free electron lasers at the Linear Coherent Light Source (LCLS) in Stanford or the FLASH facility in Hamburg/Germany can now generate fsec short X-ray pulses with a peak brilliance which is orders of magnitude higher than what can be achieved today. For example, typical current X-ray fluxes are at about 10 12 ph/s, whereas XFELs can produce about 10 13 ph in a few fsec. Thus, exciting new opportunities for using soft X-rays in studies of magnetic materials are opening up.
While the understanding of nanoscale magnetic behavior is crucial and serves as the building block for novel magnetic devices, mesoscale systems have also recently received a significant interest. The mesoscale is not just defined as a length scale which bridges the nanoscale, i.e. the length scale of single atoms -to the microscopic range, where the magnetic properties act as a continuum, but it also adds complexity, stochasticity and functionality. It can be anticipated that effects which are related to those phenomena will see an increased relevance in future applications and will probably require new and extended theoretical models that bridge nanoscale and mesoscale behavior.
Complexity in magnetic materials will also become more important not only in multicomponent combinatorial materials design approaches, such as the "materials genome initiative" [17] , which aims to discover and tailor specific properties from basic principle calculations of novel materials, but also in devices extending into the third dimension, where the "simple" cross-talk in more common planar geometries will turn into corresponding volume effects. Related to this is the importance of interfaces, which play a crucial role in multi-component systems. The question of whether a specific magnetic process on the nano-or the meso-scale is fully deterministic or follows a stochastic behavior is not only scientifically fundamental, but moreover of utmost technological importance. Lastly, a steady-state characterization can only provide information about the static structure, but the functionality, e.g. of a magnetic device can only be understood if one is able to characterize the fast and ultrafast spin dynamics of a magnetic system, with high spatial resolution from the nano-to the meso-scale.
Imaging magnetic structures in three dimensions and in their corresponding fast and ultrafast spin dynamics in novel and advanced magnetic materials is thus not only a very appealing analytical approach [18] , but it also provides detailed insight into magnetic behavior. Already, a variety of magnetic imaging techniques has been developed which permit studying static domain structures, i.e. the spin configuration in thermal equilibrium at highest spatial resolution. These techniques make use of various probes interacting with the magnetic material.
There are also optical microscopes using the magneto-optical Kerr effect (MOKE) [19] , where a contrast is generated by the rotation of the polarization vector of the incoming light by a magnetic moment and where the utilization of ultrafast optical laser pulses has achieved a very fast (fsec) time resolution [20] , albeit at moderate (diffraction limited) spatial resolution only.
There are electron microscopes, such as the Lorentz transmission electron microscope (TEM) [21] , which utilizes the Lorentz force diverting the electrons as they propagate through the magnetic specimen, the Scanning Electron Microscope with subsequent Polarization Analysis of the electrons (SEMPA) [22] , or the spin polarized low energy electron microscopy (SPLEEM) [23] . The X-ray photoemission electron microscopy (PEEM), which is one of the X-ray imaging techniques delineated in this review, can be seen as a hybrid between electron microscopies and X-ray microscopies, taking advantage of the limited escape depth of electrons in solid, which provides strong surface sensitivity [24] .
There is also a variety of scanning probe microscopes, such as the Magnetic Force Microscope (MFM) [25] , which senses the interaction of the stray field emanating from the sample onto its magnetic tip or the Spin Polarized Scanning Tunneling Microscope (SP-STM) [26] , which detects the tunneling current between a magnetic tip and the sample's surface. Among the magnetic microscopy techniques, the SP-STM leads in spatial resolution as it has so far achieved almost atomic resolution.
In the following we will principally review full-field soft X-ray microscopies, in particular magnetic full-field transmission soft X-ray microscopy (MTXM) [27] , which utilizes stateof-the-art Fresnel zone-plate optical elements for imaging, and permits studying mesoscale magnetic phenomena down to about 10-20 nm resolution. Examples from recent research will elucidate the information which can be obtained in terms of spatial and temporal resolution, and element specificity, as well as complexity, stochasticity and functionality. We will also briefly discuss the complementarity of MTXM to X-ray photoemission electron microscopy (X-PEEM) [24] .
Experimental
Although X-rays were discovered by W.C. Roentgen in 1885, the lack of appropriate Xray optics prevented doing true X-ray microscopy for nearly 100 years. However, in the mid-1980s, it was realized that Fresnel zone plates (FZP), which are circular gratings with a radially increasing line density, can be used as diffractive optics to build X-ray microscopes and the concurrent maturity of nanotechnological tools such as e-beam lithography then enabled the fabrication of high quality X-ray optics, which are now readily available. For an overview of the current status of X-ray microscopy, we refer to [28] .
FZPs can be designed and customized for specific purposes and applications. The key design parameters are Δr, which is the outermost ring diameter, N, the number of zones, and λ, the photon wavelength at which the FZP is operating, and one obtains finally a spatial resolution which is proportional to Δr, a focal length ~4N(Δr) 2 /λ and a spectral bandwidth which is ~1/N. The latest generation of FZP optics used in soft X-ray microscopes has demonstrated a spatial resolution of better than 10 nm [29] (Fig. 1) . From Ref. [29] .
The optical setup of the full-field soft X-ray microscope end-station XM-1, located at the ALS in Berkeley, CA (where the TXM data presented in this review have been obtained) is shown in Fig. 2 . Details of this instrument are described elsewhere [30] . The principle of this instrument follows that of an optical microscope. The main components are (a) a light source, which is the bending magnet source at a third generation X-ray synchrotron such as the ALS; (b) a first FZP, acting as a condenser lens, (CZP), and a combined monochromator and illuminating optic; (c) a high resolution objective lens, the micro zone plate (MZP); and (d) a two-dimensional detector, which is a commercially available charge-coupled-device (CCD) system. The spectral resolution achievable with XM-1 is dominated by the CZP-pinhole arrangement, whereas the spatial resolution is set largely by the MZP in use. Some typical values under real operating conditions as presented below are 706 and 719 eV for the L 3 and L 2 edges of Fe as a typical 3d transition metal, about 20 nm spatial resolution, about 1 eV spectral resolution and (in time-resolved mode) 70 ps temporal resolution. From Ref. [30] .
Complementary to MTXM is the widely used X-ray photoemission electron microscope (X-PEEM) technique. Fig. 3 shows the schematics of an X-ray PEEM instrument [31] . In most of these instruments, the low-energy secondary electrons generated in the primary X-ray absorption process are used for imaging, leaving the sample through the surface and being guided through a high-resolution electron optics column onto the imaging detector. Also available, and with an increasing number of commercial sources, are XPEEMs that can also do energy filtering so as to image with true photoelectrons that can be associated with the individual electronic states in the sample. The latest generation of X-PEEM instruments incorporates an aberration correction scheme, which aims for a sub-10 nm spatial resolution. From Ref. [31] .
The accessible range of photon energies determines which core levels of the elements can be addressed by these various instruments. The specific ALS instrument XM-1 was originally designed for biological imaging and offers a fairly limited photon range between about 500-1100 eV, but the next-generation TXMs fed by high-brightness undulator sources will expand this significantly [32] .
To obtain magnetic contrast with polarized soft X-rays one most often utilizes the effect of X-ray magnetic circular dichroism (XMCD). XMCD describes the strong dependence of the absorption of circularly polarized X-rays on the relative orientation between the photon helicity and the magnetization axis in the sample. The XMCD effect occurs predominantly in the vicinity of the X-ray absorption edges, such as the spin-orbit coupled L 2 and L 3 edges. Those reflect the element-specific binding energies of inner core electrons, and thus XMCD adds an inherent elemental magnetic sensitivity to X-ray spectroscopies and microscopies, in particular to the transmission soft X-ray microscopy (TXM) and X-PEEMs described here. Large XMCD effects with values up to 25% occur, e.g. for the L edges of 3d transition metals such as Fe, Co, Ni, and the M edges of rare earth systems, which are the most prominent elements in magnetic materials. In addition to XMCD contrast, which is used to image ferromagnetic domains, the corresponding X-ray magnetic linear dichroism effect (XMLD) can be used to image antiferromagnetic domains, which has been demonstrated with X-PEEM [33] .
The penetrability of soft X-rays through matter, described by the X-ray absorption length, is typically in the few 100 nm regime. Consequently, the transmission geometry in Magnetic TXM (MTXM) permits probing the volume of the specimen up to a few 100 nm in thickness. Although inherently biased toward the near-surface region, these depths match perfectly most of the magnetic systems of highest current interest, such as thin films or multilayered structures. By contrast, the X-PEEM technique can only probe the magnetic properties within the limited escape depths of the electrons, which in general are restricted to a few nm for photoelectrons and ~5-10 nm for low-energy secondaries, i.e. the surface region in the specimens. The penetration depth of soft Xrays has immediate implications for the sample preparation. Whereas samples for MTXM in transmission geometry have to be prepared on X-ray transparent substrates, similar to TEM substrates such as Si 3 N 4 membranes, X-PEEM samples can be deposited on thick substrates, as long as they are conducting, in order to avoid space charges. However, there are recent developments of ion-beam-assisted deposition techniques onto thin membranes, e.g. IBAD MgO [34] , which have demonstrated the possibility to grow near-epitaxial thin films for MTXM studies as well.
An additional advantage of MTXM lies in its a pure photon-in/photon-out based technique, such that magnetic fields of in principle any strength and pointing in any direction can be applied during the recording of X-ray images. At the full-field X-ray microscope XM-1, typical magnetic fields up to 2-3 kOe perpendicular to the plane of the sample and up to 1-2 kOe in the plane of the sample can be applied. Thus, samples with both perpendicular and in-plane anisotropy can be investigated. To image in-plane components the sample normal has to be tilted to an direction more perpendicular to the photon beam propagation, thus deteriorating the spatial resolution along the beam direction. Due to X-PEEM being an electron probing technique, it inherently faces severe challenges for applying magnetic fields in arbitrary directions and at higher field values, although certain efforts to compensate the impact of magnetic fields to the electron paths have been demonstrated [35] .
The inherently pulsed structure of X-ray synchrotron storage rings permits time-resolved measurements with both MTXM and X-PEEM, i.e. the capability to observe, e.g. fast spin-dynamical processes in magnetic structures. At the ALS, electrons having a typical energy of 1.9 GeV circulate in bunches at a velocity close to the speed of light. The typical bunch length corresponds to about 70 ps, which is also the length of the emitted X-ray flashes. Within a stroboscopic pump-probe scheme, soft X-ray microscopy thus enables studying the spin dynamics on the sub-100 ps time scale in nanoscale magnetic elements. However, the low intensity per bunch prevents single-shot timeresolved imaging and therefore only the perfectly repeatable part of spin-dynamics processes can be studied so far. The various free-electron lasers that are now operating or coming online show promise of single-shot imaging in pump-probe experiments in the future.
To study the microscopic origin of temperature-driven magnetic phenomena, such as the AF to FM phase transition in FeRh and the associated spin-reorientation transition, soft X-ray microscopies can be performed, in principle at both low and elevated temperatures. Recent developments of heating devices on Si 3 N 4 membranes, which were designed for use in nanocalorimetry, seems to offer an interesting path for performing MTXM measurements at elevated temperatures [36] .
From a historic perspective, the first magnetic soft X-ray images have been reported in 1993, using an X-PEEM system (PEEM-2) at the ALS in Berkeley [24] , and the first fullfield MTXM images obtained with the TXM at BESSY I in Berlin/Germany were published in 1996 [27] .
Results and discussion
In the following, we will review some examples from recent research on magnetic structures with nanoscale dimensions, where the imaging capabilities of soft X-ray microscopies were able to provide detailed and unprecedented insight into fundamental physical behavior. Although it might be obvious in most cases, we detail the complementarity of MTXM to other imaging techniques, mostly X-PEEM for each of the following examples.
Vortex structures are found across many length scales extending from cosmological dimensions in galaxies to large tornadoes spanning thousands of kilometers to superconducting materials, where the vortices play a crucial role to allow superconducting wires to be used in future power grids.
Magnetic vortex structures occur in soft ferromagnetic films and patterned elements, such as thin disks of the soft Ni 80 Fe 20 alloy, as a result of the balance between exchange and dipolar energies. They are characterized by a curling magnetization in the plane of the disk with a vortex core (VC) in the center, where the magnetization points perpendicular to the plane of the disk. Two binary properties are commonly used to describe this structure: the chirality or better circularity (c), i.e. the counter-clockwise or clockwise curling of the in-plane magnetization, and the polarity (p), i.e. the up or down direction of the vortex core's magnetization. Both the static and dynamic properties of these objects have recently attracted an increased scientific interest both for fundamental and applied reasons. For example, magnetic vortex structures were suggested as potential future high-density and non-volatile recording systems, since the size of the vortex core is proportional to the magnetic exchange length Λ, which can extend into the sub-10 nm regime, and the magnetic core represents a very stable spin configuration, in fact protected by topology. Fig. 4 shows the four different vortex states in a ferromagnetic disk resulting from the combination of the two states for c and p, respectively. They can be separated into two categories with different handedness, which is generally defined as the product of c and p, namely cp = + 1 or cp = −1. All four configurations are degenerate with respect to the total energy. One of the questions which arise is whether the nucleation of those four degenerate states has equal probability [37] . A priori, one would assume that the formation of a magnetic vortex state should exhibit perfect symmetry in this respect, and thus degeneracy. A non-degeneracy would not only constitute an unconventional physical phenomenon at the nanoscale but could also lead to potentially interesting applications of magnetic vortices with regard to magnetic sensor or logic elements. To experimentally address this topic we have recently imaged with high statistical accuracy a large number of permalloy disk arrays, where vortex states were nucleated by applying a particular magnetic field cycle. The capability of MTXM to image both the inplane (c) and out-of-plane (p) components of the spin structures more or less simultaneously (Fig. 5) was crucial for allowing us to observe an asymmetric effect in the formation process of vortex states. In fact, the acquisition speed of MTXM to cover a field of view of about 10 μm in a few seconds only, made it the technique of choice for those studies and superior to any complementary scanning based microscopies, such as SEMPA or STXM. Other full field electron microscopies, such as X-PEEM or Lorentz-TEM would have suffered from the limitations of being able to nucleate the vortex structures from saturated states quickly. The large statistics of MTXM images allowed us to interpret the origin of the experimentally observed asymmetric phenomenon by a combination of an intrinsic Dzyaloshinskii-Moriya interaction (DMI) arising from the spin-orbit coupling [38] and surface-related "extrinsic" factors, including edge defects, surface roughness, etc. Full 3-dim micromagnetic modeling confirmed the experimental data. 
Vortex formation

Vortex dynamics
Magnetic vortex structures have also been proposed as novel base units for logic devices. Understanding their dynamics requires time-resolved studies with high spatial resolution. Soft X-ray microscopies combine the high spatial resolution with the inherent time structure of current synchrotron storage rings which is less than 100 ps. Since the number of photons per electron bunch at current third generation synchrotrons is rather low, typically only a few tens of photons, a stroboscopic pump-probe scheme has to be used. Hence, about 10 8-9 pump-probe cycles are required to create a single image, which means that only fully reproducible processes can be studied, or in other words only the fully reproducible part of the magnetization dynamics can be investigated. For details about the experimental setup, see [39] .
The results shown in Fig. 6 were obtained at the ALS, operating in the so-called 2-bunch mode operation. Two electron bunches, each 70 ps in length, circulate at a 3 MHz frequency, i.e. they are separated by 328 ns. The clock signal of the synchrotron triggers a fast electronic pulser, which launches fast electronic pulses into a waveguide structure. These pump pulses create a local Oersted field pulse, which initiates a gyrational motion of the vortex structure. The experiment shown in Fig. 6 aimed at investigating the coupling of neighboring vortex structures in arrays of disks with a disk radius of 750 nm. For that purpose, a pair of magnetic disks, labeled "disk 1" and "disk 2" in Fig. 6 , was studied. The excitation pulse was acting on "disk 1" only and its gyrational motion can be seen in the sequence of time-resolved MTXM images (Fig.  6a) . Through dipolar coupling the neighboring vortex structure (disk 2) is stimulated to start a gyrational motion as well (Fig. 6b) , which therefore constitutes a robust new mechanism for energy transfer between spatially separated dipolar-coupled magnetic disks [40] . The detailed motion of both disks, i.e. the x and y components, are displayed in Fig. 6c and e and compared with simulations ( Fig. 6d and f) . These results clearly show that, in analogy to a system of coupled harmonic oscillators, the two neighboring vortex structures are able to mutually exchange energy and thus can be considered as a new way of information processing or logical base units. Since this process is largely determined by the damping parameter, further developments toward the realization of such devices would require analogous investigations on materials with low damping. Studies of the dynamics are crucial to develop new functionalities and therefore time resolved magnetic microscopies have been a major focus in the recent past. X-ray based microscopies, such as MTXM, STXM [41] , and X-PEEM [42] utilizing the inherent time structure of synchrotron radiation have all been expanded over the last decade to allow such studies. Their main advantage is that they combine both good spatial resolution and temporal resolution. There are other techniques with higher spatial resolution or better time resolution, but it is the combination of both, which makes X-ray microscopies unique for those studies.
Adding depth resolution to X-ray microscopies
Although magnetic thin films are a priori considered to be 2-dim spin systems, the 3rd dimension often plays a quite important role and will increasingly become even more important in the future. Examples are magnetic multilayers, where the depthdependence of the magnetization or the spin character at buried interfaces is a very interesting topic to study [43] . Other examples where the 3rd dimension plays an important role are magnetic nanoparticles [44] , core-shell structures, such as hard/soft materials for future permanent magnet materials [45] , or magnetic supercrystals. The latter ones are arrays of nanocrystals, which self-assemble into superlattices. They are expected to exhibit unique size-dependent electronic, optical and magnetic properties which can be easily altered [46] . In particular, magnetic nanoparticle arrays of sizes of 15 nm or below in all dimensions (Fig. 7) attract growing interest because of their potentials for studying the fundamentals of nanoscale magnetism and for novel technological applications. Although particles of such size are usually in a single-domain state, there is a size-, structure-, and temperature-dependent nanoscale magnetism, which scales with particle volume and intrinsic magnetic constants, such as anisotropy. Tuning the interparticle distance is one way to tailor the behavior of such supercrystals (inset of Fig. 7) . Finally, in order to increase many-fold the performance of future memory and logic devices, new concepts for magnetic media also foresee 3-dim structures [47] and [48] . Therefore magnetic imaging capabilities in three dimensions have received increased interest recently. Soft X-ray microscopies offer various ways to approach this. One way is to perform computational tomography, which requires a set of projection images recorded at varying projection angle. From those projections, one can reconstruct the full three-dimensional information. So far, this technique has been successfully demonstrated and is being used now as a standard application for the high-resolution nanotomography of whole cells [49] .
Another approach to obtain depth-resolved information is based on excitation with soft X-ray standing waves (SW) generated by Bragg reflection from a multilayer mirror substrate. The interference between incoming and reflected X-ray wavefronts generates a standing wave inside the multilayer. This standing wave can then be moved vertically through the sample by varying either the photon energy around the Bragg condition, the angle of incidence of the incoming wavefront, or by moving the X-ray spot across a sample in which one layer has a wedge profile [50] and [51] . Photoemission intensities which are recorded as a function of the incoming photon energy, incidence angle or spot position then permit quantitatively deriving the depth-resolved film structure of the sample by comparing the intensities to X-ray optical theory calculations [52] . The combination of this depth-resolved method, e.g. with a lateral information from X-PEEM, thus provides a three-dimensional representation of the magnetic structures inside the specimen. Proof-of-principle standing-wave experiments were conducted at the elliptically polarized soft X-ray undulator beamline UE49-PGM-a at the storage ring BESSY-II in Berlin/Germany. This microfocus beamline is equipped with an Elmitec PEEM-III endstation with an integrated photoelectron energy analyzer (Fig. 8, left  panel) . The experimental geometry allowed for photon incidence angles between 13.8° and 17.8°, as measured from the sample surface plane. For the particular multilayer substrate and for the incidence angle range of 13.8-17.8°, the Bragg condition was achieved by using a photon energy range between 663 eV and 516 eV, respectively. As confirmed from simulations of electron spectra, the combination of photon energies of 620-750 eV and a grazing angle of 13.8° yields the best resolved Co 3p, Al 2p, Si 2p and C 1s photoemission spectra, unobstructed by any constant-kinetic-energy Auger electron features, and permits scanning the SW through the sample. Fig. 9 shows the results of such an X-PEEM experiment utilizing the standing wave approach, in which depth resolution was added to the lateral information of X-PEEM in a nanostructured system consisting of square arrays of circular magnetic Co nanodots, as shown in Fig.  8 , right panel. They were nominally 4 nm in thickness and 1 μm in diameter and were grown on a [23.6 Å-Si/15.8 Å-Mo] × 40 multilayer substrate to act as the standing wave generator. Fig. 9 displays the various core levels (Al 2p, Si 2p, C 1s, and Co 3p) captured at a photon energy of 680 eV, which is the energy where the intensity of the Al 2p line for the aluminum atoms around the Co dots is maximum. Varying the photon energy over the Bragg condition of the multilayer reveals a winking on and off of these images that is characteristic of the depth of each species below the surface. Comparing the experimental results to X-ray optical simulations then permitted determining the detailed depth profiles of all species present. To obtain magnetic sensitivity in depth, the next step is to exploit magnetic dichroism in core-level photoemission with polarized Xrays. From Ref. [50] . From Ref. [50] .
The aforementioned example utilized the X-PEEM technique with energy filtering to obtain depth resolved information. However, the standing wave approach is not limited to this imaging technique. MTXM can be operated in principle in reflection mode [53] , which then could detect also the reflected X-ray intensity of a standing wave generated in a multilayer substrate. Advantages for the pure photon based MTXM in terms of the capability to investigate the depth resolved magnetization as a function of applied magnetic fields are easy to envision.
Varying the sample environment: temperature
Another important parameter in magnetic X-ray microscopies is the capability to vary the temperature at the sample. This will allow not only to investigate, e.g. the microscopic origin of the transition from a ferromagnetic to a paramagnetic phase by approaching the Curie temperature, but also to address the vast area of spin-thermal effects in spin-caloritronics. This latter field has recently launched a plethora of scientific studies both from a most basic physics point of view but also for potential applications, for example, in reduced energy-consumption devices. For an overview on spincaloritronics, see [54] . A precise control of the local temperature at the specimen, a large temperature range, and a controllable temperature gradient are essential for such studies. One approach is to integrate a heating element onto an X-ray transparent amorphous Si-N membrane using standard microfabrication techniques. Fig. 10a and b shows one such device with a non-inductive double-spiral Pt heater. This device has been shown to provide a highly uniform temperature over the sample area in the typical atmospheric environment of a MTXM and therefore enables temperature dependent studies [55] . Results from a proof-of-principle experiment on a 30 nm thin Ni film, which was imaged below (320 °C) and above (400 °C) the Curie temperature, are shown in Fig. 10c . Note that this measurement was performed with a slightly different heater design (nanocalorimeter [36] ). As expected, the magnetic domains disappear above T c , which also proves that such heating devices allow to reach several hundreds of °C with very small power input and short amount of time. The temperature can be cycled several times without showing any degradation of the device. We end this section by noting that the variation of temperature in an X-ray microscope is not inherently a unique capability; however, if such microscopes could only operate at ambient conditions, the unique combination of high spatio-temporal resolution with inherent elemental specificity would still leave out a large fraction of interesting science, particularly in the realm of magnetic materials.
Conclusions
Understanding fundamental properties in magnetic materials requires detailed information on the nanometer length scale, but with obvious extensions now into the mesoscale to address complex and correlated behavior as well as non-deterministic properties and functionality. Full-field soft X-ray microscopies, such as MTXM and X-PEEM are well suited to provide unique, element-specific and quantitative magnetic information over a large field of view with high spatial resolution reaching into the 10 nm regime.
In the near term future, those techniques will also be able to provide full threedimensional information and, with the new X-ray sources which are starting operation now, these methods will within the next decade be able to study fundamental magnetic time scales.
